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DrosophilaThe homeobox gene orthodenticle (otd) controls the process of regional speciﬁcation that takes place in the
Drosophila eye-antennal disc during ocelli development. Mutations that reduce or abolish otd expression in
the ocelli primordium give rise to ocelliless ﬂies. We have identiﬁed the cis-regulatory sequence (ocelliless
enhancer) that controls otd expression during ocelli development and studied its regulation at the molecular
level. The ocelliless enhancer is initially activated by the combined action of Wingless (Wg) and Hedgehog
(Hh) signaling pathways. Later, a positive autoregulatory feedback loop sets in to maintain otd expression.
Moreover, we have analyzed the role of otd during ocelli primordium development and determined its
involvement in the expression of the retinal determination gene eyes absent (eya). otd indirectly regulates
eya in ocellar precursor cells through the inhibition of wg, an eya repressor, and the maintenance of hh
expression in the ocelli primordium. Hh signaling is necessary for eya activation in ocellar precursor cells and
this activation is mediated by the full-length activator form of the transcription factor Cubitus interruptus.
© 2009 Elsevier Inc. All rights reserved.IntroductionIn multicellular organisms, tissue patterning and differentiation
are processes largely controlled by a limited number of conserved
signaling molecules and transcriptional regulators encoded by
selector genes. Whereas the former are broadly and repeatedly used
during development, selector genes are expressed in a speciﬁc
temporal and spatial pattern deﬁning developmental units called
morphogenetic ﬁelds (reviewed by Mann and Morata, 2000; Mann
and Carroll, 2002). Organ- and tissue-speciﬁc morphogenetic ﬁelds
ultimately develop into primordia that give rise to distinct body parts.
The Drosophila imaginal discs represent classic examples of morpho-
genetic ﬁelds upon which the above described process of tissue
regional speciﬁcation can be studied (reviewed by Curtiss et al.,
2002). They derive from speciﬁc clusters of cells present in the
embryonic ectoderm and develop during three consecutive larval
stages to give rise to ﬂat epithelial sacs, whose cells partition into
smaller morphogenetic ﬁelds and ultimately into primordia of
speciﬁc adult structures.
The Drosophila eye-antennal imaginal disc is responsible for the
development of the four major cephalic sensory organs (eye, antenna,Biomedical Grove, Singapore
l rights reserved.ocelli and maxillary palps) and surrounding head cuticle. During
larval stages, the action of selector genes and signaling molecules
transforms a small homogenous group of cells into a patterned eye-
antennal disc containing two major morphogenetic ﬁelds (eye and
antenna), each one harbouring multiple morphogenetic subﬁelds or
primordia (reviewed by Domìnguez and Casares, 2005; Haynie and
Bryant, 1986). Compound eyes, ocelli and most of the head capsule
cuticle derive from the eye morphogenetic ﬁeld.
Several selector genes are expressed at different stages of eye-
antennal disc development, labeling the emergence of different
primordia. The Pax6 homologues eyeless (ey) and twin of eyeless (toy)
and the Pax6-like genes eyegone (eyg) and twin of eyegone (toe) are
expressed ﬁrst in the eye-antennal disc primordium during late
embryogenesis (Czerny et al., 1999; Jun et al., 1998; Quiring et al.,
1994; Yao et al., 2008) and mutations negatively affecting toy or eyg
activity impair the development of the whole eye-antennal disc,
giving rise to ﬂies lacking all the structures derived from this
imaginal disc (headless ﬂies) (Jang et al., 2003; Kronhamn et al.,
2002). During second instar larva, ey expression becomes restricted
to the posterior part of the eye-antennal disc, dividing the disc into
two major morphogenetic ﬁelds: eye ﬁeld (Ey positive) and antennal
ﬁeld (Ey negative) (Curtiss et al., 2002; Kenyon et al., 2003; Kumar
and Moses, 2001). As a consequence, mutations blocking ey function
display an absence or greatly reduced compound eye phenotype
(Quiring et al., 1994). In late second instar larva, expression of the
subordinate retinal genes eyes absent (eya), sine oculis (so) and
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primordium (Chen et al., 1997; Curtiss and Mlodzik, 2000; Pignoni
et al., 1997). These genes, together with ey, act in a regulatory
network that regulates retinal determination and mutations that
negatively affect their function impair compound eye development.
Finally, in late third instar larva, two clusters of cells expressing eya
and so emerge in the anterior dorsal part of the eye ﬁeld (within the
dorsal head capsule primordium). These cells represent the primor-
dium of the ocelli (Royet and Finkelstein, 1996), three simple light-
sensitive organs located on the dorsal midline at the top of the adult
head. Each cluster of eya and so expressing cells contributes diffe-
rently to ocelli development. The posterior cell cluster gives rise to a
lateral ocellus, while the medial ocellus derives from the fusion of the
two anterior cell clusters (Haynie and Bryant, 1986). so expression in
the ocelli primordium is initially activated by toy (Punzo et al., 2002).
Later, so maintains its own expression through a positive eya-
dependent autoregulatory feedback loop (Pauli et al., 2005). eya
activation in ocellar precursor cells has not been studied yet.
In parallel to the action of the above described selector genes,
several signaling pathways are also active during eye-antennal disc
development and cooperate in its regional speciﬁcation. For instance,
the allocation during early second instar larva of sources of
Decapentaplegic (Dpp) and Wingless (Wg) signaling molecules to
opposing regions of the eye morphogenetic ﬁeld (Dpp along the
posterior margin and Wg across the dorsal anterior region, Cho et al.,
2000) initiates the border between the eye ﬁeld and the adjacent head
cuticle primordium (Kenyon et al., 2003; Royet and Finkelstein, 1997).
Dpp cooperates with the selector gene ey in the initiation and
maintenance of the regulatory network that controls retinal cell fate
determination (Chen et al., 1999), whereas Wg antagonizes Dpp
activity and promotes dorsal head capsule fates (Baonza and Freeman,
2002; Royet and Finkelstein, 1997). Antagonism between Dpp andWg
has also been described during dorsal/ventral speciﬁcation of leg and
antennal imaginal discs, where it provides a mechanism for main-
taining, by continuousmorphogen signaling, separate cell populations
in a developing morphogenetic ﬁeld (Theisen et al., 2007).
As described above, eya and so expression labels both early
compound eye and ocelli development and mutations negatively
affecting this expression impair both visual systems (Cheyette et al.,
1994; Zimmerman et al., 2000). Both genes interact at the protein
level forming a complex that works as a transcriptional activator
(Pignoni et al., 1997). Moreover, Eya has been shown to have protein
phosphatase activity (Li et al., 2003; Tootle et al., 2003). In the eye
primordium, eya and so activation depends on the synergistic action
of Pax6 (Ey and Toy) and Dpp signaling (Curtiss and Mlodzik, 2000;
Kenyon et al., 2003), and the ectopic expression of wg blocks that
activation and prevents retinal differentiation (Baonza and Freeman,
2002; Hazelett et al., 1998; Lee and Treisman, 2001; Royet and
Finkelstein, 1997). The ocellar precursor cells emerge within the
dorsal head capsule primordium, a tissue developing under the
inﬂuence of Pax6 (Toy) and Wg signaling. How, then, is eya and so
activated in those cells in the absence of Dpp and under the putative
blocking inﬂuence ofWg? The answer to this question appears to lie in
the action of two additional regulatory factors: the selector gene
orthodenticle (otd) and the signaling molecule Hedgehog (Hh). Both
factors are expressed in the dorsal head capsule primordium during
third instar larva and mutations that abolish this expression impair
ocelli development (Amin et al., 1999; Royet and Finkelstein, 1995;
Wieschaus et al., 1992). otd encodes a homeodomain protein required
during embryogenesis for the correct development of the head and
the ventral midline (Finkelstein et al., 1990; Royet and Finkelstein,
1995). Later, during larval stages, otd is necessary for the development
of the medial regions of certain imaginal discs (Wieschaus et al.,
1992). In the eye-antennal disc, otd is required for head vertex
primordium development, including the ocelli. The Hh signaling
pathway controls cell growth and patterning in many developmentalprocesses in both vertebrates and invertebrates (reviewed by Ingham
and McMahon, 2001). In Drosophila, a key component of this pathway
is the zinc-ﬁnger transcription factor Cubitus interruptus (Ci). Ci exists
in two distinct forms, each one playing different roles: a full-length
transcriptional activator form (Ci155) and a C-terminally truncated
transcriptional repressor form (Ci75). The balance between both
forms is under Hh control. Hh signaling blocks the proteolytic cleavage
of Ci, causing the accumulation of its full-length activator form. In the
eye primordium, Hh signaling controls initiation of photoreceptor
differentiation through the release of the Ci75-mediated repression of
dpp and eya (Pappu et al., 2003). The mechanisms of Hh action in
ocellar differentiation are currently not known.
In this paper, we have ﬁrst identiﬁed the enhancer that controls
otd expression during head vertex development and molecularly
characterized its regulation. Second, we have analyzed the role of otd
in the emergence of the ocelli primordium and, particularly, its
involvement in the activation of eya in ocellar precursor cells. Third,
we have studied the role of Hh signaling in ocellar precursor cells and
investigated its Ci-mediated control of eya expression.
Materials and methods
Fly strains and clonal analysis
Flies were reared on standard medium at 25 °C. The following
transgene and reporter lines were used: dppblink-Gal4 (Staehling-
Hampton and Hoffmann, 1994), hhP30 (hh-lacZ. Lee et al., 1992), UAS-
otd (J. Blanco, unpublished), P[ci+] (Mèthot and Basler, 1999),
P[hsp70-GFP] (Mèthot and Basler, 1999). Mutant alleles used in this
study are: ci94 (Mèthot and Basler, 1999), smod16, ocγa1, fzP21 and fz-
2C1 (Chen and Struhl, 1999), ptcS2, otdYH13, dsh3, arr2. Mutant alleles
without reference are described in Flybase (http://ﬂybase.bio.
indiana.edu).
Mitotic clones (except for the ci94 allele) were generated and
positively labeled (with membrane tethered CD8::GFP) according to
the MARCM technique (Lee and Luo, 1999), using transgenes and
recombinant chromosomes obtained from the Bloomington Stock
Center. Recombinationwas induced 60±12 h after egg laying by a 1 h
heat shock at 37 °C and the larvae dissected 48 h later. Genotypes of
the analyzed larvae were as follows:
- dsh3 and otdYH13 clones: w dsh3 or otdYH13 FRT19A/w hs-FLP tubP-
GAL80LL1 FRT19A; tubP-GAL4 UAS-mCD8::GFPLL5/+.
- smod16 clones: y w hs-FLP; smod16 FRT40A/tubP-GAL80LL10
FRT40A; tubP-GAL4LL7 UAS-mCD8::GFPLL6/+ (oc7-lacZ instead of
+ for the analysis of oc enhancer activity in smod16 clones).
- arr2 clones: y w hs-FLP/+; FRT42B arr2/FRT42B tubP-GAL80LL2;
tubP-GAL4LL7 UAS-mCD8::GFPLL6/hh-lacZ.
- ptcS2 clones: y w hs-FLP/+; FRT42D ptcS2/FRT42D tubP-GAL80;
tubP-GAL4LL7 UAS-mCD8::GFPLL6/+⁎ (UAS-otd instead of +⁎ for the
ectopic expression of otd in ptcS2 clones).
- fzP21 and fz-2C1 clones: y w hs-FLP; tubP-GAL4 UAS-mCD8::GFPLL5/
+; fzP21 fz-2C1 FRT2A/tubP-GAL80LL9 FRT2A (oc7-lacZ instead of +
for the analysis of oc enhancer activity in fzP21 fz-2C1 clones).
- ci94 clones (Mèthot and Basler, 1999): y w hsp70-ﬂp; FRT42 P[ci+]
hsp70-GFP/FRT42; ci94/ci94.
DNA constructs and transgenic ﬂies
Enhancer activity was monitored in transgenic ﬂies containing
reporter constructs. Brieﬂy, the different DNA fragments were
obtained by PCR and cloned into the pcβ plasmid (Niimi et al.,
1999) upstream of the lacZ gene. The oc enhancer (oc2) was also
cloned into the pChs-Gal4 vector (Apitz, 2002) upstream of the gal4
gene, generating the oc2-Gal4 driver line. The Gal4 driver line and the
106 J. Blanco et al. / Developmental Biology 329 (2009) 104–115lacZ reporter constructs were injected into Drosophila w1118 embryos
following standard P-element transformation protocols. Three to ﬁve
independent transgenic lines were established for each construct.
βgalactosidase staining and Immunohistochemistry
To detect βgalactosidase activity, third instar larval imaginal discs
were ﬁxed and subjected to a standard X-gal colour reaction for 2 h at
37 °C. Antibody staining on discs was performed according to Halder et
al. (1998). Primary antibodies were as follows: rabbit anti-β-galacto-
sidase (β-gal 1:200; Cappel), mouse anti-β-gal (1:500; Promega),
rabbit anti-GFP (1:100; Torrey Pines Biolabs, Houston, TX); rabbit anti-
Otd (1:250; Hirth et al., 2003), rat anti-Ci (1:1; Developmental Study
Hybridoma Bank, DSHB), mouse anti-Wg (1:50; DSHB), and mouse
anti-Eya (1:10; DSHB). Secondary antibodies were Alexa488-,
Alexa568- and Alexa647-conjugated antibodies generated in goat
(1:300; Molecular Probes, Invitrogen). Fluorescent images were
captured with a Leica TCS SP scanning confocal microscope. Unless
indicated, pictures correspond to single optical sections (0.5 μm thick).
Protein expression and protein–DNA interaction assay
The following recombinant proteins were expressed in E. coli
and puriﬁed according to manufacturer's instructions. The amino
acids involved in each construct are shown in brackets: d-TCF
(247–362) was tagged with 6xHis at its N-terminus (Qiagen). Otd
(1–181) and Ci (442–668) were expressed as N-terminal GST
fusion proteins (Amersham Pharmacia Biotech). Electrophoretic
mobility shift assays were performed using radioactively labeled
probes containing wild-type or mutant sequences. Probe labeling,
binding reactions and gel electrophoresis conditions are described
in Pauli et al. (2005).
Results
Isolation of the ocelliless enhancer
otd expression in the eye-antennal imaginal disc of wild-type
third instar larva is detected along the medial edge of the antennal
disc, in the dorsal head capsule primordium (also called vertex
primordium) and in developing photoreceptor cells posterior to the
morphogenetic furrow (Fig. 1B). In the vertex primordium, otd is
necessary for ocelli and associated medial and mediolateral
structures (sensory bristles and dorsal frons, respectively) develop-
ment. Recessive viable mutations, showing a reduced or totally
abolished otd expression in the vertex primordium, have been
isolated and mapped to the otd locus. These mutations, which are
called ocelliless (oc), cause the loss of the ocelli and surrounding
structures in homozygous or hemizygous conditions (Fig. 1F and
Royet and Finkelstein, 1995). The molecular characterization of two
of these mutations (the alleles oc1 and ocγa1) has shown they are
due to lesions downstream of the last otd exon (Fig. 1A and
Finkelstein et al., 1990). Based on this information, DNA fragments
3′ to the otd gene were analyzed, speciﬁcally by looking for cis-
regulatory sequences active in the vertex primordium of the third
instar eye-antennal disc. A 2.2 kb long DNA sequence, lying within
the DNA fragment estimated to contain the position of the T(1,2)
ocγa1 breakpoint (Fig. 1A), was found to have enhancer activity in
the vertex region and, thus, was named ocelliless enhancer (oc
enhancer=oc2) (Fig. 1C). Deletion analysis allowed the reduction
of the oc enhancer to a 270 bp long DNA fragment that retained
signiﬁcant levels of enhancer activity in the vertex primordium
(minimal oc enhancer=oc7). Both the original (oc2) and the
minimal (oc7) oc enhancers showed activity in the wing imaginal
disc (Fig. 2M), despite of the fact that otd is not expressed there,
suggesting that additional sequences, not present in the isolated ocenhancers, are necessary to restrict activity to the vertex primor-
dium of the eye-antennal disc.
To further investigate the role of the oc enhancer in ocellar
development, a Gal4 driver line containing the original oc enhancer
(oc2-gal4) was generated and used in a rescue experiment to
complement the ocγa1 mutation. However, expression of otd under the
control of the oc2-gal4 driver line resulted in pupal lethality, probably
due to ectopic expression of the enhancer. Nevertheless, the ﬂies died as
pharate adults inside their pupal case and showed a seemingly normal
adult head. Hence,we proceeded to open the pupal cases and to analyze
the pharate heads, looking for an ocelliless rescue phenotype. Interes-
tingly, all the analyzed pharates corresponded to female ﬂies and not a
single hemizygous male (ocγa1/Y) could be identiﬁed. These results
indicate that otd expression under the control of the oc2-gal4 driver line
impairs male ﬂy development and compromises its viability at earlier
stages, probably during larval development.
otd regulation during head vertex development
Previous studies have suggested the involvement of both Wg and
Hh signaling pathways in otd activation during vertex primordium
development (Royet and Finkelstein, 1996, 1997). To conﬁrm these
results and investigate whether the oc enhancer was also responsive
to Wg and Hh signaling, we studied enhancer activity in MARCM-
labeled cell clones lacking either Frizzled and Frizzled 2 (the Wg
membrane receptors) or Smoothened (a Hh signaling membrane
transducer) (Figs. 2A and D). The results showed that both enhancer
activity and otd expression were usually lost in a cell-autonomous
fashion (arrows in Figs. 2B–C and E–F), thus supporting the notion
that Wg and Hh pathways are both responsible for appropriate otd
activation. Clones mutant for other components of the Wg canonical
pathway also usually showed the same results (Figs. 4I and L).
However, in some clones, neither otd expression nor oc enhancer
activity was affected by mutant Wg (arrowheads in Figs. 2B–C) and
mutant Hh pathways (arrowhead in Fig. 2E; in Fig 2F, the mutant cells
failed to express lacZ due to the lack of enhancer activity at the border
of the otd expression domain in the vertex primordium, as observed in
Fig. 1D). These mutant clones did not show any restriction in their
spatial distribution, but, in general, were smaller than the mutant
clones in which otd expression was lost, suggesting that they were
induced later during head vertex primordium development.
The presence of Otd in mutant cells blocked in Wg and Hh
pathways suggests that an additional factor might be involved in otd
expression control in the vertex primordium. For example, one might
assume thatWg and Hh pathways are only necessary for otd activation
during early vertex primordium development and become dispen-
sable at subsequent stages, when additional factors would be required
for the maintenance of otd expression. In order to identify additional
factors involved in otd regulation, we focused on otd itself and
investigated if a positive autoregulatory loop might be involved in the
maintenance of otd expression. Both gain-of-function and loss-of-
function experiments conﬁrmed this hypothesis. Misexpression of otd
ectopically activated the oc enhancer in the wing disc (Fig. 2N). In
contrast, enhancer activity was abolished in the vertex primordium of
ﬂies hemizygous for the ocγa1 allele (Fig. 2O) or containing clones
homozygous for otdYH13, a null otd allele (Figs. 2P and Q). Thus, two
types of regulatory mechanisms appear to act on otd expression
during head vertex development. The ﬁrst comprises Wg and Hh
pathways, which are likely to be responsible for the initiation of otd
expression. The second comprises otd which, once its expression has
been initiated, acts through a positive autoregulatory loop tomaintain
its subsequent expression.
For a further analysis of the ﬁrst, Wg- and Hh pathway-
dependent regulatory mechanism, the loss-of-function studies of
Wg and Hh signaling pathways on otd expression can be comple-
mented by gain-of-function studies. Ectopic activation of the Wg
Fig. 1. Isolation of the ocelliless enhancer. (A) Genomic map of the otd locus showing the positions of the molecular alterations detected in the In(1)Δ 49 oc (=oc1) and T(1;2) ocγa1
mutations. For comparison with the original molecular map depicted by Finkelstein et al. (1990), the EcoRI sites are indicated as small bars. Enhancer activity in the vertex
primordium of the different constructs (named oc1 to oc10) was arbitrarily assigned as follows: strong (+++), middle (++), weak (+) and absent (−). (B–D) The ocelliless (oc2)
enhancer activity in the third instar eye-antennal disc is compared with the wild-type otd expression pattern. The white arrow points to the position of the vertex primordium. The
images correspond to Z projections of individual confocal optical sections. (E) Head vertex of an adult wild-type ﬂy showing the three ocelli (arrowheads) and the characteristic
sensory bristles. (F) Head vertex of an adult ocγa1 hemizygous ﬂy. The ocelli and their associated sensory bristles have disappeared.
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Fig. 2. otd regulation in the vertex primordium of third instar eye-antennal disc. (A–C) Analysis of otd expression and oc enhancer activity (detected as lacZ expression) in fzP21 fz-2C1
MARCM clones. The dotted box in A, containing the vertex primordium, is blown up in B and C. Arrows and arrowheads point to clones where otd expression and enhancer activity are
or not affected, respectively. (D–F) The same as (A–C), but the GFP-labeled clones correspond to smod16 mutant cells. The E’ and F’ insets show the same pictures as in E and F, but
without the GFP labeling. (G–I) Ectopic activation of the Hh pathway induces otd in the eye disc (dotted box in G) and wg in the antennal disc (arrow in G). The dotted box in G is
blown up in H and I (without GFP labeling). The arrow in H and I points to a ptcS2 mutant clone that ectopically expresses otd. (J–L’) Analysis of otd expression in ci94 clones. otd is
upregulated (arrowheads) in ci94mutant clones (white dotted lines). The yellow dotted box in J is blown up in L and L’. (M) The oc2 enhancer is active in thewing disc, at places in the
anterior–posterior border where Wg and Hh signaling (detected as an upregulation of ci expression) overlap. (N) otd expressed under the control of the dpp-gal4 driver ectopically
activates the oc2 enhancer in the wing disc (arrows). (O) The oc7 enhancer is inactive in the vertex primordium (arrow) of ocγa1 hemizygous ﬂies. (P–Q) oc7 enhancer activity is lost
cell-autonomously in a otdYH13 MARCM clone (arrow).
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the eye primordium, in cells which are also subjected to Hh signaling
(Royet and Finkelstein, 1997). To analyze the effect of ectopic
activation of Hh signaling on otd expression in the eye disc, we
employed patched (ptc) mutant cells (Figs. 2G–I). The Ptc protein
acts as a Hh membrane receptor and its depletion leads to the Hh-
independent activation of the Hh pathway (Ingham and McMahon,
2001). As shown in Figs. 2H and I, otd expression was ectopically
activated in ptc mutant cell clones. However, this only occurred in
cells located close to Wg secreting cells. This suggests that the
observed upregulation of otd expression, seen following ectopic
activation of Hh signaling, might be dependent on additional Wg
signaling. Indeed, given that Hh signaling can alleviate the repres-
sion carried out by the Ci repressor form (Ci75), Hh signaling may in
fact be acting as a derepressor of the oc enhancer, which together
with the activating role of Wg signaling results in marked
upregulation of otd expression. To investigate this possibility, we
induced ci mutant clones in the vertex primordium and assayed the
resulting otd expression. Depletion of Ci in these clones (Figs. 2J–L’)
did not negatively affect otd expression, rather, it led to the
upregulation of otd in cells of the vertex primordium subjected to
Wg signaling (arrowheads). This result indicates that the full-length
activator form of Ci (Ci155) does not have a positive role in the
control of otd expression. Rather, this ﬁnding implies that HhFig. 3. The oc7 enhancer is directly regulated by otd and theWg and Hh signaling pathways. (A
d-TCF and Ci and displays high evolutionary conservation among distantly related Drosophil
the consensus binding sites for the Otd, d-TCF and Ci transcription factors (Jemc and Rebay, 2
mutations introduced in each transcription factor binding site are also shown. (C) EMSA analy
Ci DNA binding domains. Arrows point to the different protein–DNA complexes formed by ea
(arrow) between wild-type (D) and Otd binding site mutated (E) forms of the oc7 enhancesignaling, by blocking the proteolytic processing of Ci, relieves the
Ci75-mediated repression of otd, thus creating a permissive
environment for otd expression in cells of the eye disc subjected to
activating Wg signaling. The oc enhancer mimicked otd behaviour
and also became activated upon ectopic activation of Wg and Hh
pathways, as well as in ci mutant clones located in the proximity of
wg-expressing cells (data not shown).
It should be mentioned, however, that the above described
activation mechanism is not sufﬁcient alone to prevent inappropriate
induction of otd expression. In the wing imaginal disc, ectopic
expression of the oc enhancer is inappropriately activated at the
anterior/posterior compartment border (Fig. 2M), where Wg and Hh
signaling activities overlap.
Binding sites for Otd, d-TCF and Ci are present in the oc minimal
enhancer
As shown above, the ocelliless minimal enhancer (oc7) reproduces
the otd expression pattern in the vertex primordium and is responsive
to regulation by otd and the Wg and Hh signaling pathways. To
determine whether this regulation is direct or indirect, we analyzed
the enhancer DNA sequence for appropriate binding sites (Fig. 3A).
Consensus binding sites for the transcription factors Otd, d-TCF (a Wg
pathway-speciﬁc transcription factor) and Ci (a Hh pathway-speciﬁc) A 72 bp long DNA fragment present in the oc7 enhancer contains binding sites for Otd,
a species (Dm: D. melanogaster; Dp: D. pseudoobscura; Dv: D. virilis). (B) Comparison of
007;Wilson et al., 1996) with the sequences found in the DNA fragment shown in A. The
sis of wild-type andmutant forms of the oc7 enhancer in the presence of Otd, d-TCF and
ch transcription factor. (D–E) Comparison of enhancer activity in the vertex primordium
r. The images correspond to Z projections of individual confocal optical sections.
Fig. 4. otd involvement in ocelli primordium development. (A) Ocelli precursor cells are labeled by eya expression (arrowheads) in late third instar eye-antennal disc. (B) At this
stage, otd expression (detected with oc2NGFP) occupies the medial and mediolateral domains of the vertex primordium. Hh (detected with hh-lacZ) covers the medial region
(arrow) and wg is expressed as two lateral patches (arrowheads). The B’ inset shows the same picture as in B, but without GFP labeling. (C) In a ocγa1 hemizygous eye disc, hh
expression disappears and Wg expands across the medial region of the vertex primordium (arrow). (D) eya expression in ocellar precursor cells is lost in a ocγa1 hemizygous
eye disc. (E) In the vertex primordium, wg expression is cell-autonomously induced in a otdYH13 MARCM clone (arrow). A magniﬁcation of the clone can be seen in the E’ (GFP)
and E” (Wg) insets. (F–H) eya expression in small fzP21 fz-2C1 MARCM clones is not affected by the presence (arrows) or absence (arrowheads) of Otd. The area of interest in F
(dotted box) is magniﬁed in F’, G and H. (I) otd and eya expression are lost in a dsh3 MARCM clone covering the anterior cluster of ocellar precursor cells (arrow). Inset I’ shows
a magniﬁcation of the area of interest without GFP labeling. (J–L) otd and hh (detected with hh-lacZ) expression are lost cell-autonomously in a arr2 MARCM clone (arrow) in
the vertex primordium. Some cells at the margin of the clone (arrowhead) express hh in the absence of Otd, likely due to a non cell-autonomous effect of wild-type
neighbouring cells.
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(contained within oc9, Fig. 1A. oc7 and oc9 DNA sequences can be
found in Supplementary data Fig. 1). This DNA fragment showed a
high degree of evolutionary conservation among different Drosophila
species (Fig. 3A) and displayed weak enhancer activity in the vertex
primordium and wing imaginal disc (data not shown).Mutations on each consensus binding site were introduced in the
oc7 enhancer (Fig. 3B) and their effect analyzed. In all cases, the in
vitro binding of the different transcription factors was severely
compromised by the introduced mutations (Fig. 3C). The effect of
these mutations on in vivo enhancer activity was, however, more
differential. Mutations in the Otd binding site strongly reduced (but
111J. Blanco et al. / Developmental Biology 329 (2009) 104–115did not eliminate) enhancer activity in the vertex primordium (Figs.
3D and E). The presence of residual enhancer activity in the Otd
binding site mutated version of the oc7 enhancer is likely due to the
action of the Wg and Hh pathways on enhancer activation, as well as
to β-gal persistence. In contrast, no effect on enhancer activity in the
vertex primordium was observed when either the d-TCF or the CiFig. 5. Hh signaling activates eya in ocellar precursor cells. (A–E) eya expression is lost cell-
(boxed in A) is blown up in B–E. The arrows point to cells that express otd (D), but lack Eya (E
B–E). (F–G) ptcS2MARCM clones in the eye disc ectopically express eya (arrows in G). (H–I) M
although not in clones located within or close to the wg expression domain (arrowheads in
expression, respectively. (J–N) Comparison of the ci, hh (detected with hh-lacZ), and eya ex
The area of interest (boxed in J) is shownwith different expression pattern combinations in
arrow in P) lose eya expression cell-autonomously (Q). GFP expression, under control of the
for Flippase induction. As a consequence, the difference in GFP signal between ci94 mutant clo
in the ocelli primordium give rise to adult ﬂies containing small ocelli (red arrow) or no ocbinding sites were disrupted (see Supplementary Fig. 2). Since both
signaling pathways become dispensable once otd expression enters its
autoregulated maintenance phase, their inﬂuence on oc7 enhancer
activity in the vertex primordium gets overshadowed by the presence
of the otd autoregulatory element. However, we did observe an in vivo
effect on the ectopic activation of the oc7 enhancer in the wingautonomously in a smod16 MARCM clone in the ocelli primordium. The area of interest
). Flanking the clone, two otd expressing cells also show eya expression (arrowheads in
isexpression of otd in ptcS2MARCM clones induce eya in the antennal disc (arrows in I),
I). The area of interest (boxed in H) is magniﬁed in I. Insets I’ and I” show otd and eya
pression patterns in the vertex primordium of wild-type third instar eye-antennal disc.
K–N. (O–Q) ci94 mutant clones in the ocelli primordium (labeled by the absence of GFP,
hsp70 promoter, is only transiently expressed during the 1 h heat-shock treatment used
nes and surrounding wild-type cells is weak, but still detectable. (R) ci94mutant clones
elli at all (black arrow).
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(Supplementary Fig. 2). In the wing disc, enhancer activation is otd-
independent and requires the simultaneous action of the Wg and Hh
signaling pathways (Fig. 2M). When the d-TCF binding site was
mutated, enhancer activity was abolished in the wing disc (Supple-
mentary Fig. 2E), supporting the role of d-TCF (and Wg signaling) as
an oc7 enhancer activator. On the contrary, disruption of the Ci
binding site brought about an expansion of the so7 enhancer activity
in the wing disc (Supplementary Fig. 2F), supporting the role of Ci as
an enhancer repressor and, hence, of Hh signaling as an oc7 enhancer
derepressor.
otd and the ocelli primordium
The emergence of the ocelli primordium, as revealed by eya and so
activation in ocellar precursor cells, takes place during late third instar
larva (Fig. 4A and Royet and Finkelstein, 1996). At this stage, the
previously overlapping expression domains of hh andwg in the vertex
primordium (Royet and Finkelstein, 1996) have already become
spatially separated, Hh occupying the medial portion and Wg
becoming restricted to two lateral patches (Figs. 4B and B’). This
regional speciﬁcation is necessary for the emergence of the ocelli
primordium and is under the control of the maintained expression of
otd. In the absence of Otd, Hh disappears or is greatly reduced,
whereasWg persists across the entire head vertex primordium (Fig. 4C
andRoyet and Finkelstein,1996), thus, preventing eya and so activation
and giving rise to ocelliless ﬂies (Figs. 4D and 1F).Wg persistence in the
medial region of the vertex primordiumwas strictly dependent on the
absence of Otd, since otd mutant cells in this domain induced wg
expression in a cell-autonomous fashion (Fig. 4E).
Does otd play additional roles in eya activation in ocellar precursor
cells, apart from eliminating Wg (a repressor of several eye-
speciﬁcation genes) in the medial region of the vertex primordium?
To answer this question, we analyzed eya expression in cells that were
genetically blocked in Wg signaling and also mutant for otd. If the role
of otdwas limited towg repression, eya expression in the mutant cells
should not be affected. On the other hand, if otd, besides repressing
wg, was additionally involved in eya activation, then eya should not
be expressed in the double mutant cells. To carry out this experiment,
we induced mutant clones lacking different components of the Wg
canonical pathway and took advantage of the fortuitous fact that otd
expression was also lost in some of these clones. Interestingly, the
results depended on the size of the mutant clones. A small clone
lacking Otd and the Wg receptors Fz and Fz2 did express eya in the
ocelli primordium (arrowheads in Figs. 4F–H). On the contrary, a clone
covering an entire cluster of ocellar precursor cells mutant for otd and
the Wg pathway component dishevelled (dsh) (Klingensmith et al.,
1994) failed to express eya (Figs. 4I and I’). These results indicate that
otd does not cell-autonomously regulate eya. However, an indirect
non cell-autonomous regulatory role of otd in eya expression control
that is not mediated by repressingwg cannot be ruled out. Indeed, otd
could indirectly control eya through the regulation of a non cell-
autonomous acting factor such as the Hh signaling molecule. Hh has
been shown to be necessary for ocelli development (Amin et al., 1999)
and Hh expression in the vertex primordium disappeared in the
absence of Otd (Fig. 4C). However, it was not known if this is due to
the lack of Otd or the persistence of Wg. To determine the nature of
this effect, we analyzed hh expression in clones mutant for arrow
(arr), a Wg co-receptor (Wehrli et al., 2000). As shown in Figs. 4J–L
(arrows), loss of otd expression in arr mutant cells led to the cell-
autonomous loss of hh expression. Thus, hh expression is lost in a cell-
autonomous and Wg-independent manner in the absence of Otd.
(Some cells located at the margin of the clone still expressed hh in the
absence of Otd (arrowhead in Fig. 4J); however, this is most likely due
to a non cell-autonomous effect of neighbouring wild-type cells.)
Thus, in addition to its role in suppressing Wg, otd also positivelyregulates hh expression, and both effects contribute to eya activation
in ocellar precursor cells.
Hh signaling activates eya in the ocelli primordium
hh expression covers the medial region of the vertex primordium
in the third instar eye-antennal disc, just between the two cell clusters
of ocellar precursor (Fig. 5J). To determine if Hh signaling was
responsible for eya activation in the ocelli primordium, we analyzed
eya expression in cells genetically blocked in Hh signaling (Figs. 5A–
E). Ocellar precursor cells mutant for smo lost eya expression in a cell-
autonomous fashion (arrows in Figs. 5B and E). Interestingly, otd
expression was not affected in those mutant cells (arrows in Figs. 5B
and D). This is in agreement with previous data indicating otd is not
required cell-autonomously for eya expression. In contrast, eya
expression in ocellar precursor cells was strictly Hh signaling
dependent. In fact, the ectopic activation of Hh signaling (through
the induction of ptcmutant clones) sufﬁced to induce eya at different
positions of the eye disc (Figs. 5F and G).
Interestingly, this was not the case for the antennal disc. In the
antennal disc, ptcmutant clones induced the ectopic expression of wg
(arrow in Fig. 2G), preventing eya activation. Since high levels of Otd
repress wg, we misexpressed otd in ptc mutant cells (Figs. 5H and I),
obtaining a blockage in wg induction and triggering the activation of
eya in clones located in the most anterior part of the antennal disc
(arrows in Fig. 5I). However, otd misexpression was not able to
overcome the Wg-mediated repression of eya in ptc mutant cells
located in the vicinity or within the normal wg expression domain
(arrowheads in Fig. 5I).
Given that Hh signaling is required for eya expression in ocellar
precursor cells, we next investigated how thismight bemediated by Ci,
the Hh pathway-speciﬁc transcription factor. For this, we ﬁrst
compared the spatial expression pattern of ci, hh and eya in the vertex
primordium (Figs. 5J–N). hh expression was complementary to the
expression of ci, indicating that there is a spatial segregation between
the signaling molecule and its downstream intracellular effector. This
spatial segregation suggests a mechanistic model, in which Hh
produced by Ci− cells (Figs. 5K and L) diffuses and signals to
neighboring Ci+ cells, inducing eya expression (Figs. 5M and N). We
next determinedwhich form of Ci was responsible for eya activation in
ocellar precursor cells. For this, we analyzed eya expression in ci
mutant clones (Figs. 5O–Q). Ci depleted cell clones in the ocelli
primordium lost eya expression in a cell-autonomous fashion, giving
rise to ﬂies in which the ocelli were smaller or even absent (red and
black arrows in Fig. 5R, respectively). This result indicates that the full-
length activator form of Ci (Ci155) is responsible for eya activation in
ocellar precursor cells. This contrastswithwhatwe observed in the eye
primordium, where clones lacking Ci expressed eya normally and give
rise to wild-type photoreceptor cells in the adult compound eye (data
not shown). These results agree with previous reports suggesting Ci is
dispensable for compound eye development (Fu and Baker, 2003;
Pappu et al., 2003) and, thus, imply the existence of an interesting
difference, regarding eya regulation, between compound eyes and
ocelli development in Drosophila (see Discussion).
Discussion
Two regulatory mechanisms control otd expression during vertex
primordium development
Genetic analyses have previously identiﬁed Wg and Hh pathways
as otd regulators during vertex primordium development in Droso-
phila (Royet and Finkelstein, 1996, 1997), although without estab-
lishing a link between both signaling pathways. Our results have
conﬁrmed these data and extended the analysis with the molecular
characterization of the enhancer responsible for otd expression in
Fig. 6. Model for the genetic network that controls compound eye and ocelli
development in Drosophila. hh is required for eya expression in the primordia of both
visual systems, but acts differently in each case. In the compound eye primordium (A),
hh alleviates the Ci75-mediated repression of eya. In the ocelli primordium (B), hh
activates eya through the Ci activator form (Ci155).
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analysis has established the presence of two distinct regulatory
mechanisms (activation and maintenance mechanisms) responsible
for otd expression at different stages of vertex primordium
development. Wg and Hh pathways are responsible for the activation
mechanism. Both signaling molecules are coexpressed in the vertex
primordium during early third instar larva. They cooperate in the
initial expression of otd through the binding of the corresponding
transcription factors (d-TCF and Ci, respectively) to the oc enhancer.
However, whereas Wg signaling has an activator role, Hh signaling
acts as a derepressor, alleviating the repression exerted by the Ci
repressor form (Ci75) upon the oc enhancer. This activation
mechanism accounts for the initial expression of otd in the vertex
primordium, but is not sufﬁcient to prevent ectopic induction of otd
at places where Wg and Hh signaling overlap (Fig. 2M). Therefore,
additional sequences, not present in the characterized oc enhancer,
are necessary to restrict enhancer activity to the vertex primordium.
Once otd expression is initiated, both Wg and Hh pathways become
redundant and a positive autoregulatory loop, by which Otd itself
binds to the oc enhancer, sets in to maintain otd expression during
subsequent stages of vertex primordium development.
A similar two-stage regulatory mechanism has been described for
the expression of so in ocellar precursor cells (Pauli et al., 2005). so
expression in the ocellar region is initiated by toy. Later, in cooperation
with eya, so maintains its own expression through a positive
autoregulatory feedback mechanism. Regulatory feedback loops
between genetically allocated downstream and upstream compo-
nents of the retinal determination network have been described
during compound eye development (Bonini et al., 1997; Shen and
Mardon, 1997). These loops are supposed to consolidate retinal cell
fates by providing a well-balanced expression of the involved genes. A
core element of these regulatory feedback loops is the signaling
molecule Dpp (Chen et al., 1999). Dpp, together with Hh, controls
initiation and progression of a photoreceptor differentiation wave
known as morphogenetic furrow (Greenwood and Struhl, 1999).
However, photoreceptor differentiation in the ocelli primordium is a
static process (there is no differentiation wave), probably due to the
lack of dpp expression. Therefore, autoregulatory feedback loops could
be the way by which important genes for ocelli development (like otd
and so) achieve the required expression levels.
otd takes part in ocelli primordium development through two indirect
mechanisms
The involvement of otd in ocelli development is well documented
(Royet and Finkelstein, 1996). In the vertex primordium, Otd
promotes the exclusion of Wg (a repressor of several eye-speciﬁca-
tion genes) from the medial region, allowing the expression of eya
and so in ocellar precursor cells (Figs. 4A–D). Here, we describe that
otd also takes part in eya activation through the positive regulation of
Hh in the vertex primordium. It was previously shown that in the
absence of Otd, hh expression disappears from the medial region of
the vertex primordium (Royet and Finkelstein, 1996). However, it was
not clear whether this effect was due to the lack of Otd or to Wg
persistence. We show that hh expression is lost in a cell-autonomous
and Wg-independent fashion in the absence of Otd (Figs. 4J–L). This
explains the seemingly contradictory phenotypes, regarding eya
expression, observed in clones double mutant for otd and a
component of the Wg pathway. Depending on clone size, eya
expression in ocellar precursor cells is maintained or abolished. In a
clone containing just a few cells (arrowheads in Figs. 4F–H), eya
expression is not affected due to the non cell-autonomous effect of
neighbouring wild-type Hh-producing cells. When the clone covers
an entire cell cluster of ocellar precursors (Fig. 4I), Hh secreted by
neighbouring wild-type cells cannot reach the precursor cells and, as
a consequence, eya is not activated.The results shown above also imply the existence of a regulatory
feedback loop between hh and otd, in which hh is required for otd
activation in the vertex primordium and later otd is necessary for the
maintenance of hh expression. This differs from the situation in the
compound eye primordium. There, hh expression in cells located
posterior to the morphogenetic furrow is positively regulated by the
combined action of so and the Egfr/Ras pathway transcription factor
pointed (Rogers et al., 2005). The regulatory feedback loop between
hh and otd in the ocelli primordium also explains the differences
observed in enhancer activity between the wild-type oc7 enhancer in
ocγa1 hemizygous ﬂies (no activity. Fig. 2O) and the Otd binding site
mutated oc7 enhancer in wild-type ﬂies (residual activity. Fig. 3E). In
the ﬁrst case, Otd absence impedes the maintenance of hh expression,
blocking the initial activation of thewild-type oc7 enhancer by theWg
and Hh pathways. In the second case, initial activation of the Otd
binding site mutated oc7 enhancer takes place because both signaling
pathways are functional.
114 J. Blanco et al. / Developmental Biology 329 (2009) 104–115In summary, the picture that arises is depicted in Fig. 6. According
to our model, Hh and Wg signaling initiate otd expression in the
vertex primordium. Then, otdmaintains its own expression through a
positive autoregulatory loop and high levels of Otd activate hh.
Ci is required for ocelli development
As mentioned in the Introduction, Eya and So form a complex that
works as a transcriptional activator during compound eye and ocelli
development. so expression in the ocelli primordium is initiated by
toy, but its speciﬁcity for ocellar precursor cells is provided by eya
(Pauli et al., 2005). Hence, the analysis of eya activation in ocellar
precursor cells is fundamental to understand ocelli development.
In this paper, we have shown that Hh signaling is required for eya
expression in ocellar precursor cells and that this requirement is
mediated by the activator form of Ci (Ci155). As a consequence, ci
mutant clones in the ocelli primordium lose eya expression in a cell-
autonomous fashion and impair ocelli development. Whether this
regulation is direct or indirect is yet not clear and must await the
characterization of the enhancer responsible for eya expression in
ocellar precursor cells. In this sense, it has been reported that vein (vn)
(which encodes a ligand of the Drosophila EGFR signaling pathway) is
also important for ocelli development and that its expression in the
ocelli primordium is also under the control of Ci155 (Amin et al.,1999).
However, we believe that the Ci155 action on eya expression is not vn-
mediated, mainly for two reasons: ﬁrst, since Vn is a secreted ligand,
eya expression in ci mutant cells should be non cell-autonomously
rescued by neighbouringwild-type Vn-producing cells. Second, clones
in the ocelli primordium mutant for pointed (the EGFR pathway
transcription factor) do not negatively affect eya expression in ocellar
precursor cells (data not shown). Therefore, we support the view that
Ci155 action on eya expression is not vn-mediated.
In the developing compound eye, Hh signaling controls initiation
of photoreceptor differentiation through the regulation of dpp and eya
expression at the posterior margin of the eye imaginal disc. This
control is not Ci155-dependent, but it is mediated by the repressor
form of Ci (Ci75) (Pappu et al., 2003) (Fig. 6). Therefore, in ci mutant
clones (or in the presence of Hh), Ci75-mediated repression is alle-
viated, creating a permissive environment for the activation of eya. As
a consequence, photoreceptor differentiation in ci mutant clones is
not perturbed and adult compound eye morphology (both externally
and in internal sections) appears normal (Fu and Baker, 2003; Pappu
et al., 2003). It would be interesting to analyze how the different
regulation of eya in the developing compound eyes and ocelli is
controlled at the transcriptional level. So far, only the enhancer con-
trolling eya expression in the compound eye primordium has been
identiﬁed (Bui et al., 2000; Zimmerman et al., 2000). The ocelli-
speciﬁc eya enhancer awaits to be isolated.
An interesting issue in developmental biology is the genetic
control of homologous organ development. So far, no fundamental
differences between the genetic cascades controlling compound eye
and ocelli development in Drosophila have been described. In this
paper, we show that ci function differs in both genetic cascades. It is
dispensable for compound eye development, but strictly required for
ocelli development. Although this difference has no consequences on
the expression of the gene under study (eya), it offers the possibility to
identify ocelli-speciﬁc genes as Ci155 transcriptional targets active in
the ocelli primordium.
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